Bromocresol green (BCG) and bromophenol blue (BPB) in acidic and basic forms are used as dispersing agents to suspend multiple-walled carbon nanotubes (MWCNTs) into deionized water. The chemical structures of dye molecules are characterised by ultraviolet-visible-near infrared and nuclear magnetic resonance spectroscopies. The presence of MWCNTs in water is evidenced by transmission electron microscopy and Raman spectroscopy. All dyes exhibit critical concentrations in dispersing MWCNTs. This may result from the formation of dye micelles, which induces osmotic pressure on MWCNTs and aids nanotube re-aggregation. The critical values of the basic dyes are lower than their acidic counterparts, which can be ascribed to the stronger hydrophilicity of basic dyes. The critical value of basic BCG is lower than basic BPB and this can be attributed to the effect of methyl substitutes in the former. Basic BCG is superior to basic BPB in stabilizing MWCNTs, which may result from the extra steric hindrance provided by the methyl substitutes.
weight non-ionic surfactants facilitate the improvement of CNT dispersion [13] .
Nonetheless, the surfactant structures used are entirely different from each other, with scatters varying from aliphatic to aromatic and N-heterocycles, which makes it complicated to trace the exact reasons. BCG and BPB molecules share a high level of similarity in chemical components, except that BCG bears two extra methyl substitutes in place of hydrogen atoms. Thus, comparisons between acidic and basic pairs of these two dyes can clearly demonstrate the effect of methyl substitutes.
Furthermore, deprotonation of acidic forms of BCG and BPB imparts one additional negative charge to the molecule. It is therefore possible to exclude the effect of molecular structural morphology and simply investigate the role of electrostatic forces in the interaction of the dye with CNTs. As such, we propose to use BCG and BPB as model dyes to understand the fundamental mechanisms of dispersing CNTs with organic dyes with the hopes of paving the way towards better dispersion.
Experimental

Materials
Bromocresol green (95 wt. %) and bromophenol blue (95 wt. %) were obtained from Sigma-Aldrich. Multiple-walled carbon nanotube (MWCNT, inner diameter: 5-10nm, outer diameter: 10-20nm, Length: 0.5-200µm, purity > 95%) was also a SigmaAldrich (US) product.
MWCNT/dye dispersion preparation
The pH values of dye solution (0.5 mg dye in 15 cm It was found that as dissolved solutions of BCG and BPB are actually a mixture of acidic and basic forms, which show up as green and purple, respectively. To study the effect of phenolic hydrogens and methyl substitutes on the dispersion of CNTs, BCG and BPB were converted into their acidic forms by hydrochloride acid and, with the aid of sodium carbonate, the basic forms can be obtained. The solutions of acidic and basic dyes turn out to be yellow and blue, respectively. The UV-Vis-NIR spectra of acidic, basic and as dissolved dye solutions are plotted in Fig. 2 . When white light passes through a dye solution, a characteristic portion of the mixed wavelengths is absorbed. The remaining light will then assume the complementary colour to the wavelengths absorbed. From Fig.2 it can be found that absorption of 600 nm light renders the solution blue, and the absorption of 430 nm light makes it yellow.
Fig.2 also illustrates that the acidic and basic form of BCG has an isosbestic point in their spectra, around 510 nm; whereas BPB has an isosbestic point in the vicinity of 490 nm. In addition, Fig.2 demonstrates that when a dye molecule is converted from acidic form to the basic one, the maximum absorption peak shifts to longer wavelength about 160 nm, which can be explained in terms of the conjugation effect.
In acidic aqueous solution, the dye molecules ionize to give the monoanionic form (yellow), that further deprotonates on basic condition and yields a dianionic form (blue), as shown in Fig. 1 . When the phenolic hydroxyl group becomes deprotonated to yield a phenoxide anion, the conjugation interaction between the lone pair of electrons on the oxygen atom and π electron cloud of the dye molecular skeleton is strengthened, bringing the highest occupied molecular orbital and the lowest unoccupied molecular orbital closer together. The energy required for electron promotion is less, and the wavelength that provides this energy is correspondingly increased. Another striking feature with UV-Vis-NIR is when the dye molecule is converted from the acidic to basic form, the absorbance at the absorption maxima is increased three to fourfold ( Fig.2 and its inset) . As the dye concentration is kept constant in these experiments, this increase in absorbance can not be ascribed to the increase in numbers of absorbing molecules. A plausible explanation is the enhancement/extension of molecular conjugation. Besides the bathochromic shift, hyperchromism is another basic characteristic of enhancing/extending conjugation.
NMR spectra
To further elucidate the chemical structure of dye molecules, 1 H NMR analyses were carried out and the chemical shifts and the coupling constants are listed in the experimental section. It is also clear that when a dye molecule exists in its acidic form, a phenolic hydrogen signal can be detected (acidic BCG: δ 7.84 and acidic BPB δ 7.18), whereas in the basic form this signal is absent following deprotonation.
Taken together, the analyses of UV-Vis-NIR and NMR spectra enable us to confirm the chemical structures of dye molecules, which serve as the basis for further investigation on how dye molecular constitution can affect the CNT dispersion. The functionalized MWCNTs were further characterized with TEM and the images of the pristine nanotubes ( Fig.3a and 3b ) and the functionalized nanotubes ( Fig. 3c and   3d ) are shown in Figure 3 . As can be seen after functionalization, the bundling size of
Characterisation of CNT dispersions
TEM images
MWCNTs is reduced and nanotubes are dispersed well. Figure 3d suggests that dye molecules and/or dye molecules aggregates are attached to nanotubes, as indicated by the blue arrows; similar phenomena have been observed with the sodium dodecyl sulfate functionalized nanotubes [14] . Additionally, many circular features with diameter of about 0.6 nm can be observed on nanotube surfaces in the HRTEM image (inset to Fig. 3d ), denoted by red arrows. As the kinetic diameter of a benzene ring is 0.585 nm [15] , we propose these circular features may be the benzene rings in the dye molecules.
Raman spectra
To further evidence the presence of nanotubes, deposited samples were characterized by Raman spectra, which exhibit two distinct bands in the vicinity of 1350 cm -1 and 1590 cm -1 (Fig.4) . Only individual CNTs absorb in the UV-Vis-NIR region and bundled CNTs are inactive (as indicated in Fig. 6 , pure CNT/water mixture does not exhibit any absorption at 800nm). As a result, the absorbance value reduces. With further increase in dye concentration, both the quantity and dimensions of micelles increase, and a stronger attractive force will be induced, leading to the further reduction of absorbance. These results indicate that it is the amount of dye, rather than the mass ratio of dye/CNT, which governs the dispersion of CNTs. For acidic BPB/CNT dispersions, similar trends can be observed, expect for the presence of a second critical dye concentration, above which the absorbance increases again. This may result from the saturation of dye solutions and will be explained in more detail in section 3.3.
Adsorption of dye molecules on CNTs
The critical dye concentrations for dye/CNT dispersions to obtain the optimum absorbance values are plotted in the inset to Fig. 6 , wherein it can be found that the basic form of the dye always exhibits lower critical values than its acidic counterpart.
When the dye concentration is below the critical value, dye molecules exist mainly in the equilibrium between adsorption on CNTs to form hybrids and desorption into water to form free molecules. The deprotonation renders the dye molecules more hydrophilic and enhances their interaction with water molecules, causing the equilibrium to move towards free dye molecules. This means that at the same dye concentration, the proportion of free dye molecules in the basic form is higher than that in the acidic form. Thus, the overall dye concentration required to form micelles is decreased when the dye is converted from acidic to basic form.
It is also noteworthy that the critical value of basic BCG is less than half in magnitude of basic BPB. This can be explained in terms of excluded volume effect imposed by methyl substitutes. Organic molecules can adsorb on CNTs by π-π stacking, but this can only occur when two π systems are parallel in orientation and overlap at least partially with each other [17] . There is no doubt that a planar molecule can approach
CNTs via a face-to-face conformation more easily, which is preferable for π-π interaction between the conjugated aromatic chromphore skeleton and the nanotubes.
Owing to the excluded volume effect, the extra methyl substitutes in BCG can somewhat prevent dye molecules from approaching the CNT surface and achieving a good position to induce the π-π interaction with CNTs. This actually increases the proportion of free dye molecule in solution and consequently lowers the overall critical concentration value. For acidic BCG and BPB, the effect of methyl substitutes is not obvious and the difference in critical values is insignificant. As mentioned above, in contrast to basic dye, the hydrophobicity of their acidic counterparts is increased and thus the affinity between dye molecule and CNT is boosted. A combination of these facts suggests the hydrophobicity of dye molecule is the predominant parameter here in controlling dye adsorption on CNTs, which blurs the excluded volume effect caused by methyl substitutes.
Stabilization of dye/CNT dispersions
As Fig. 6 displays, at the same dye concentration, the absorbance of basic BCG/CNT dispersion is always higher than basic BPB one. As the absorbance is proportional to the amount of individual CNTs present in water, this suggests that basic BCG is more effective than basic BPB in dispersing nanotubes and this can be ascribed to the presence of methyl substitutes in BCG. Once adsorbed on CNTs, these groups can create extra steric hindrance between CNTs and impede nanotube aggregation. A similar trend can also be observed when comparing acidic BCG and acidic BPB dispersions, although, the situation here becomes a bit complicated and the difference in absorbance values can not be solely ascribed to the quantity of CNTs present in water. It was found that for acidic dyes when the initial dye content is over a certain value, 0.2 mg/cm -3 for BCG and 0.4 mg/cm -3 for BPB, pure dye solutions exhibit 'absorbance' values, as shown diagrammatically in Fig. 8 , which can be explained in terms of light scattering effect. At high dye concentrations, the water becomes saturated with dye molecules and no more dye can be dissolved. It is also worth noting that when dye concentrations are lower than critical values (Fig.   6 ), eliminating the effect of scattering light, basic dyes are superior to acidic dyes with respect to dispersing CNTs. This is because the basic dye carries an extra negative charge and thus can impart an extra negative charge to the surface of the dispersed CNTs, facilitating the improvement of electronic repulsive forces between CNTs and stabilizing the CNT dispersion.
Conclusions
Noncovalent functionalization of MWCNTs with organic dyes is a simple and economical approach to disperse and stabilize nanotubes in aqueous media. The data suggest an optimum dye concentration for dispersion, which is proposed to be a competing result between adsorption of dye molecules on nanotube surfaces and formation of micelles in water. This critical value is largely related with the balanced point between hydrophilicity and hydrophobicity of dye molecule and its molecular architecture as well. The deprotonation of phenolic hydroxyl group increases the molecular hydrophilicity and boosts its interaction with water molecules, lowering the critical value. Once adsorbed on nanotube, methyl groups occupy more space and hamper further adsorption of dye molecules, resulting in lower critical value. With respect to the stabilization, dye molecules bearing methyl groups are preferable, which is likely due to the extra steric hindrance that methyl substitutes can provide. At low dye concentrations, basic dyes are superior to their acidic counterparts as the former bear an extra electric charge and can provide better electrostatic repulsion between nanotubes, which benefits the stabilization of nanotube dispersion. We believe this general picture is applicable to other dye/nanotube systems, and we also hope this study can further the understanding on the interactions between dye molecule and nanotube in aqueous media, and leads to a better dispersion of nanotube. 
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